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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Energy correlators as jet substructure
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•Fixed number of  detectors
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E(n̂) ! ER(n̂) = Ti(1, µ)E(n̂)

space of  the states vs space of  detectors

Chen, Moult, Zhang, Zhu, `20

Li, Moult, van Velzen, Waalewijn, Zhu, `21


Jaarsma, Li, Moult, Waalewijn, Zhu, `22

•Probes fixed scale
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µ ⇠ 2pJ,T
p
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• In the collinear limit, 
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zij ! 1 (i.e. ✓2ij ! 0)

Holguin, Moult, Pathak, Procura, `22

See also Ian’s talk

scale knob
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Collinear Limit of  Energy Correlators
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• In the collinear limit, 
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zij ! 1 (i.e. ✓2ij ! 0), give rise to

Phenomenological tools Theoretical tools

• Jet substructure study • Light-ray Operator Product Expansion (OPE)

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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F. Ore, Sterman, `79

Basham, Brown, Ellis, Love, `78-79


Sveshnikov, Tkachov, `95

Korchemsky, Sterman, `01

Hofman, Maldacena, `08
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Energy correlators as jet substructure

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Komiske, Moult, Thaler, Zhu, `22

• Want to be able to extend the formalism to study energy correlators as jet substructure at the LHC!
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Energy correlators at 
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EEC Jet function 

Dixon, Moult, Zhu, `19
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<latexit sha1_base64="/fwo3+xoZAqAqkHyMCZ5mFoELCU=">AAACJHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRl0Y3LCvYBTSiTyaQdOnkwc6PW0K8RXOmfuBMXbvwM107bLGzrgQuHc+7l3nu8RHAFlvVlLC2vrK6tFzaKm1vbO7vm3n5TxamkrEFjEcu2RxQTPGIN4CBYO5GMhJ5gLW9wPfZb90wqHkd3MEyYG5JexANOCWipax46PhNAyk+n2JG81wciZfyA7a5ZsirWBHiR2DkpoRz1rvnj+DFNQxYBFUSpjm0l4GZEAqeCjYpOqlhC6ID0WEfTiIRMudnkgRE+0YqPg1jqigBP1L8TGQmVGoae7gwJ9NW8Nxb/9R6nC2Y0L5y7BoJLN+NRkgKL6PSYIBUYYjxODPtcMgpiqAmhkut/MO0TSSjoXIs6KHs+lkXSPKvY55XqbbVUu8ojK6AjdIzKyEYXqIZuUB01EEUj9Ixe0ZvxYrwbH8bntHXJyGcO0AyM71/goqUN</latexit>

�(z) ! 1and

Hard function  
(source)

Dixon, Moult, Zhu, `19

6

<latexit sha1_base64="vZqhipXnA/iyLiHHzeooU7gZ20Y="></latexit>

µEEC ⇠
p
z Q

<latexit sha1_base64="yklKuhMtE2c/LMBcGa4akZvgnqw=">AAACLXicbVDLSgMxFM3Ud31VXboJFsFVmZGiLotuulSwttApJZPetqHJzJDckZZhtn6N4Er/xIUgbv0D16aPhW09EDicc29ycoJYCoOu++HkVlbX1jc2t/LbO7t7+4WDwwcTJZpDjUcy0o2AGZAihBoKlNCINTAVSKgHg5uxX38EbUQU3uMohpZivVB0BWdopXaB+ghDnNyTBjKBLPVV0k6rGfWNUPQuaxeKbsmdgC4Tb0aKZIbbduHH70Q8URAil8yYpufG2EqZRsElZHk/MRAzPmA9aFoaMgWmlU4SZPTUKh3ajbQ9IdKJ+ncjZcqYkQrspGLYN4veWPzXG04fmNMCtZAGu1etVIRxghDyaZhuIilGdFwd7QgNHOXIEsa1sP+hvM8042gLztuivMValsnDecm7KJXvysXK9ayyTXJMTsgZ8cglqZAquSU1wskTeSav5M15cd6dT+drOppzZjtHZA7O9y9VGaoL</latexit>

µH ⇠ Q

<latexit sha1_base64="4d/TA5aB0erAEBDKNfRftpVtqDg=">AAACMXicbZDLSsNAFIYnXmu9RV26GayCq5KUoi6LUnDZgr1AL2EynbTTziRhZiIpoS/g0wiu9E26E7fuXTtts7CtPwz8fOcc5pzfDRmVyrKmxsbm1vbObmYvu39weHRsnpzWZRAJTGo4YIFoukgSRn1SU1Qx0gwFQdxlpOGOHmb1xjMRkgb+kxqHpMNR36cexUhp5JiXbU8gnJQdCsvOcJJUu4UJbEvKYdwtwFjj2Bk6Zs7KW3PBdWOnJgdSVRzzp90LcMSJrzBDUrZsK1SdBAlFMSOTbDuSJER4hPqkpa2POJGdZH7NBF5p0oNeIPTzFZzTvxMJ4lKOuas7OVIDuVqbwX9r8eKDJebylW2Ud9dJqB9Givh4sYwXMagCOIsP9qggWLGxNggLqu+BeIB0hEqHnNVB2auxrJt6IW/f5IvVYq50n0aWAefgAlwDG9yCEngEFVADGLyAV/AOPow3Y2p8Gl+L1g0jnTkDSzK+fwGfD6n6</latexit>

EiEj

Q2
⇠ x2xixj

NLO
<latexit sha1_base64="sESfMhmW1NMK/Op4AAB5HScBqPo=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+Kqgn1AO5RMmmlDk8yQZIpl6EcIrvRP3Ilbf8AfcW3azsK2HggczrmXe3KCmDNtXPfbya2tb2xu5bcLO7t7+wfFw6OGjhJFaJ1EPFKtAGvKmaR1wwynrVhRLAJOm8Hwduo3R1RpFslHM46pL3BfspARbKzU7IwoSe8n3WLJLbszoFXiZaQEGWrd4k+nF5FEUGkIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZUYkG1n87iTtCZVXoojJR90qCZ+ncjxULrsQjspMBmoJe9qfiv9zQ/sKAFYimNCa/9lMk4MVSSeZgw4chEaNoP6jFFieFjSzBRzP4HkQFWmBjbYsEW5S3XskoaF2Xvslx5qJSqN1lleTiBUzgHD66gCndQgzoQGMIzvMKb8+K8Ox/O53w052Q7x7AA5+sXw9Ge0Q==</latexit>

~J at

EEC Jet function 
<latexit sha1_base64="kiwwnGa1GtK6xgR+QA93bQJThzo=">AAACInicbVDLSsNAFJ34rPUVFVduBovgQkoiRd0IRTfSVQX7gCaEyXTSDp1J4sykWEI+RnClf+JOXAl+h2unbRa29cDA4Zx7uWeOHzMqlWV9GUvLK6tr64WN4ubW9s6uubfflFEiMGngiEWi7SNJGA1JQ1HFSDsWBHGfkZY/uB37rSERkkbhgxrFxOWoF9KAYqS05JmHzpDgtJbBa+ikNe/xrOb1nMwzS1bZmgAuEjsnJZCj7pk/TjfCCSehwgxJ2bGtWLkpEopiRrKik0gSIzxAPdLRNEScSDedxM/giVa6MIiEfqGCE/XvRoq4lCPu60mOVF/Oe2PxX+9pemBG8/lcGhVcuSkN40SREE/DBAmDKoLjvmCXCoIVG2mCsKD6PxD3kUBY6VaLuih7vpZF0jwv2xflyn2lVL3JKyuAI3AMToENLkEV3IE6aAAMUvAMXsGb8WK8Gx/G53R0ych3DsAMjO9fA7CkEQ==</latexit>

~J = {Jq, Jg}

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z
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<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�
<latexit sha1_base64="I8vol1opqJLO2Yu0JdzwfJWOnwU="></latexit>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

<latexit sha1_base64="Rh1LZKnakXi2xbGPc+Hkbg6QGOM="></latexit>

⌃(z) =
1

2
C (↵s) z

�N=4
J (↵s)

• In CFTs, 

power-law behavior with scaling from twist-2 spin-3 anomalous dimension, related to OPE.

<latexit sha1_base64="hmvJELJYitavavlk1IJs+N2VZVw="></latexit>

E (n̂1) E (n̂2) = ✓�i
X

Oi (n̂1)
<latexit sha1_base64="jYTQL9t25G3vg2IaCYvvOl5rD8g=">AAACIHicbVBNS8NAFNzUr1q/oj16CRbBU0mkqMeiFw8eKthWaEPZbDfp0s1u2H1RQ+lvETzpP/EmHvWHeHbb5mBbBxaGmfd4sxMknGlw3S+rsLK6tr5R3Cxtbe/s7tn7By0tU0Vok0gu1X2ANeVM0CYw4PQ+URTHAaftYHg18dsPVGkmxR1kCfVjHAkWMoLBSD273L2RIuI0BMWiAWCl5GPPrrhVdwpnmXg5qaAcjZ790+1LksZUAOFY647nJuCPsAJGOB2XuqmmCSZDHNGOoQLHVPujafixc2yUvhNKZZ4AZ6r+3RjhWOssDsxkjGGgF72J+K/3NDswpwXxQhoIL/wRE0kKVJBZmDDlDkhn0pbTZ4oS4JkhmChm/uOQAVaYgOm0ZIryFmtZJq3TqndWrd3WKvXLvLIiOkRH6AR56BzV0TVqoCYiKEPP6BW9WS/Wu/Vhfc5GC1a+U0ZzsL5/AYlKpH4=</latexit>()

<latexit sha1_base64="MX+9bolZGurBag/LEpiok63Fv5I="></latexit>

�(3) > 0 =) z
d�

dz
|z!0 = 0

can be computed using OPE alone!

Dixon, Moult, Zhu, `19

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z
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<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�
<latexit sha1_base64="I8vol1opqJLO2Yu0JdzwfJWOnwU="></latexit>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

• In non-CFTs (like QCD), there is competition between beta functions  
and twist-2 spin-3 anomalous dimension.

• Higher scale would give larger window of  region where the contribution from the twist-two anomalous dimension  

dominates over that of  beta function, giving phenomenological connection to Light-ray OPE and other CFT techniques


• Higher energy provides more particles in jet, allowing us to study higher-point correlators


• Smaller NP corrections
<latexit sha1_base64="MVqis7MNSXbcn+FqUXceYOiVJMQ=">AAACJnicbVDLSsNAFJ34rPUVdSVugkVwVRIp6rLoxmUF+4C2lMn0th06k4SZG2kJxa8RXOmfuBNx51e4dppmYVsPDBzOfZw7x48E1+i6X9bK6tr6xmZuK7+9s7u3bx8c1nQYKwZVFopQNXyqQfAAqshRQCNSQKUvoO4Pb6f1+iMozcPgAccRtCXtB7zHGUUjdezjFsII0z2Jgu4kaXFpfEFPOnbBLbopnGXiZaRAMlQ69k+rG7JYQoBMUK2bnhthO6EKORMwybdiDRFlQ9qHpqEBlaDbSWo9cc6M0nV6oTIvQCdV/04kVGo9lr7plBQHerE2Ff+tjWYGc5ovF67B3nU74UEUIwRsdkwvFg6GzjQzp8sVMBRjQyhT3PzHYQOqKEOTbN4E5S3GskxqF0Xvsli6LxXKN1lkOXJCTsk58cgVKZM7UiFVwsgTeSav5M16sd6tD+tz1rpiZTNHZA7W9y9d56eU</latexit>

=) Jets at the LHC!

Dixon, Moult, Zhu, `19
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<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�
<latexit sha1_base64="I8vol1opqJLO2Yu0JdzwfJWOnwU="></latexit>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

• In non-CFTs (like QCD), there is competition between beta functions  
and twist-2 spin-3 anomalous dimension.

• Higher scale would give larger window of  region where the contribution from the twist-two anomalous dimension  

dominates over that of  beta function, giving phenomenological connection to Light-ray OPE and other CFT techniques


• Higher energy provides more particles in jet, allowing us to study higher-point correlators


• Smaller NP corrections
<latexit sha1_base64="MVqis7MNSXbcn+FqUXceYOiVJMQ=">AAACJnicbVDLSsNAFJ34rPUVdSVugkVwVRIp6rLoxmUF+4C2lMn0th06k4SZG2kJxa8RXOmfuBNx51e4dppmYVsPDBzOfZw7x48E1+i6X9bK6tr6xmZuK7+9s7u3bx8c1nQYKwZVFopQNXyqQfAAqshRQCNSQKUvoO4Pb6f1+iMozcPgAccRtCXtB7zHGUUjdezjFsII0z2Jgu4kaXFpfEFPOnbBLbopnGXiZaRAMlQ69k+rG7JYQoBMUK2bnhthO6EKORMwybdiDRFlQ9qHpqEBlaDbSWo9cc6M0nV6oTIvQCdV/04kVGo9lr7plBQHerE2Ff+tjWYGc5ovF67B3nU74UEUIwRsdkwvFg6GzjQzp8sVMBRjQyhT3PzHYQOqKEOTbN4E5S3GskxqF0Xvsli6LxXKN1lkOXJCTsk58cgVKZM7UiFVwsgTeSav5M16sd6tD+tz1rpiZTNHZA7W9y9d56eU</latexit>

=) Jets at the LHC!

<latexit sha1_base64="JjuZGIJd5frmeZ5towemCD+cbuM="></latexit>

⌃

✓
z, ln

Q
2

µ2
, µ

◆
=

Z 1

0
dxx

2 ~J

✓
ln

zx
2
Q

2

µ2
, µ

◆
· ~H

✓
x,

Q
2

µ2
, µ

◆
EEC factorization

Note the similarity

Hadron production
<latexit sha1_base64="BRi7dDnxmVDyUXFH4cvW3IsOrh8="></latexit>

d�
h

dzh
=

Z 1

zh

dx

x

~D
h
⇣
zh

x
, µ

⌘
· ~H

✓
x,

Q
2

µ2
, µ

◆

Collinear dynamics factorize identically from the hard functions (source)

Hadron production inside jets = Jet Fragmentation Functions

Dixon, Moult, Zhu, `19
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d�
pp!jet(h)X

dpT d⌘dzh
=

X

a,b,c

fa/A ⌦ fb/B ⌦H
c
ab ⌦ Gh

c (zh)

pT pTR⇤QCD
⇤QCD

where 

The jet fragmentation function                   pp ! (jeth)X

h

zh = phT /pT

z = pT /p
c
T

Factorization

• Jet dynamics factorized from the rest of  the process.

• The jet function                 describes production of  hadron h inside the jet initiated by the parton c.
d�

pp!jet(h)X

dpT d⌘dzh
=

X

a,b,c

fa/A ⌦ fb/B ⌦H
c
ab ⌦ Gh

c (zh)

pTR
collinear FFsmatching coefficients

⇤QCD

Collinear JFFs can be related to collinear FFs

IR sensitive and requires matching: Procura, Stewart `10

Jain, Procura, Waalewijn, `11


Arleo, Fontannaz, Guillet, Nguyen `14

Kaufmann, Mukherjee, Vogelsang `15


Kang, Ringer, Vitev `16

Dai, Kim, Leibovich `16


Kang, KL, Zhao `20

<latexit sha1_base64="pGFaOd3NanTLdZsgHhbYUilejsU="></latexit>

Gh
c (z, zh, pTR,µ) =

X

j

Z 1

zh

dx

x
Jij (z, x, pTR,µ)Dh

j

⇣zh
x
, µ

⌘

Also,  Collins, Soper, Sterman `81-89 
Nayak, Qiu, Sterman `05
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h
Factorization

<latexit sha1_base64="Gpnhs0PHk/QxJ9ERT1fx3MRCpuM=">AAACFnicbVDLSgMxFM3UV62vqks3wSLUhWVGirosunFZwT6gHUomk2lD8xiSjFiHfobgSv/Enbh164+4Nm1nYVsPBA7n3Ms9OUHMqDau++3kVlbX1jfym4Wt7Z3dveL+QVPLRGHSwJJJ1Q6QJowK0jDUMNKOFUE8YKQVDG8mfuuBKE2luDejmPgc9QWNKEbGSp1uSJhBZe/s6bRXLLkVdwq4TLyMlECGeq/40w0lTjgRBjOkdcdzY+OnSBmKGRkXuokmMcJD1CcdSwXiRPvpNPIYnlglhJFU9gkDp+rfjRRxrUc8sJMcmYFe9Cbiv97j7MCcFvCFNCa68lMq4sQQgWdhooRBI+GkIxhSRbBhI0sQVtT+B+IBUggb22TBFuUt1rJMmucV76JSvauWatdZZXlwBI5BGXjgEtTALaiDBsBAgmfwCt6cF+fd+XA+Z6M5J9s5BHNwvn4BjCyfrA==</latexit>

�(1� z)
<latexit sha1_base64="Zq0Ml9ujRbwX2qn+SrTIeg+O3gM=">AAACGHicbVDLSgMxFM34rPVVdelmsAh1YZmRoi6LblxWsA9oh5LJZNrQJDMmd8Q69DsEV/on7sStO3/EtWk7C9t6IHA4517uyfFjzjQ4zre1tLyyurae28hvbm3v7Bb29hs6ShShdRLxSLV8rClnktaBAaetWFEsfE6b/uB67DcfqNIskncwjKkncE+ykBEMRvI6AeWAS+7pU7d/0i0UnbIzgb1I3IwUUYZat/DTCSKSCCqBcKx123Vi8FKsgBFOR/lOommMyQD3aNtQiQXVXjoJPbKPjRLYYaTMk2BP1L8bKRZaD4VvJgWGvp73xuK/3uP0wIzmi7k0EF56KZNxAlSSaZgw4TZE9rglO2CKEuBDQzBRzPzHJn2sMAHTZd4U5c7XskgaZ2X3vFy5rRSrV1llOXSIjlAJuegCVdENqqE6IugePaNX9Ga9WO/Wh/U5HV2ysp0DNAPr6xcoDqCH</latexit>

�(1� zh)

2 DGLAPs

µ = pT

µJ = pTR

1GeVDh
i

Gh
i

H
i
ab

• At NLO, diagonal part for quark case:

<latexit sha1_base64="pGFaOd3NanTLdZsgHhbYUilejsU="></latexit>

Gh
c (z, zh, pTR,µ) =

X

j

Z 1

zh

dx

x
Jij (z, x, pTR,µ)Dh

j

⇣zh
x
, µ

⌘

The jet fragmentation function                   pp ! (jeth)X

<latexit sha1_base64="jSPc2UfJhDS/K42K0j8L472VvwE="></latexit>

⇥anti-kT = ✓ (x(1� x)pTR� qT )

Both particles in jet Only quark in jet

<latexit sha1_base64="Gs6BOv7NdhQ/f36DWGvsnywUztw="></latexit>

⇥anti-kT = ✓ (qT � (1� x)pTR)Jet algorithm:
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h
z

2−10 1−10 1
)

T
, 

p
h

F
(z

5−10

3−10

1−10

10

310

510

710

910

1110

1310

1510

1610
±h T = 2.76 TeV  anti-ksp+p  

-2 10×
[100,300]  

0 10×
[45,60]  

2 10×
[60,80]  

4 10×
[80,110]  

6 10×
[110,160]  

8 10×
[160,210]  

10 10×
[210,260]  

| < 1.6η  ATLAS R=0.4 |
| < 2η  CMS     R=0.3 0.3 < |

F (zh, pT ) =
d�pp!(jeth)X

dpT d⌘dzh

�
d�pp!jetX

dpT d⌘

• Light charged hadrons
Arleo, Fontannaz, Guillet, Nguyen `14

Kaufmann, Mukherjee, Vogelsang `15

Kang, Ringer, Vitev `16

Neill, Scimemi, Waalewijn `16

Kaufmann, Mukherjee, Vogelsang `16

Chien, Kang, Ringer, Vitev, Xing `15

Bain, Dai, Hornig, Leibovich, Makris, Mehen `16

Anderle, Kaufmann, Stratmann, Ringer, Vitev `17

Baumgart, Leibovich, Mehen, Rothstein `14

Bain, Dai, Hornig, Leibovich, Makris, Mehen `16

Kang, Qiu, Ringer, Xing, Zhang `17

Bain, Dai, Leibovich, Makris, Mehen `17

• Photons

• Heavy flavor mesons

• Quarkonia

12

The jet fragmentation function                   pp ! (jeth)X

• Polarized hadrons
Kang, KL, Zhao `20
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d�
pp!jet(h)X

dpT d⌘dzh
=

X

a,b,c

fa/A ⌦ fb/B ⌦H
c
ab ⌦ Gh

c (zh)

pT pTR⇤QCD

where 

13

Factorization
<latexit sha1_base64="zw/VuC2x9WR+hFvExLiejyFIGVU="></latexit>

d�pp!jet(ENC)X

dpT d⌘d{⇣}
<latexit sha1_base64="hRThrbGWNj0Hfo+b0wETHpIJOM4=">AAACNnicbVC7SgNBFJ31GeNr1dJmMQhJE3YlqGXQQssI5gHZEGYnN8mQ2QczdyVx2W/wawQr/Q4bO7G1snbyKEzigYHDOffOnDleJLhC2343VlbX1jc2M1vZ7Z3dvX3z4LCmwlgyqLJQhLLhUQWCB1BFjgIakQTqewLq3uB67NcfQCoeBvc4iqDl017Au5xR1FLbLLgIQ5zck0jopInrU+wzKpKbtM3ybuI+AlI3LaRtM2cX7QmsZeLMSI7MUGmbP24nZLEPATJBlWo6doSthErkTECadWMFEWUD2oOmpgH1QbWSSZTUOtVKx+qGUp8ArYn6dyOhvlIj39OT48Bq0RuL/3rD6QNzmucvpMHuZSvhQRQjBGwaphsLC0Nr3KHV4RIYipEmlEmu/2OxPpWUoW46q4tyFmtZJrWzonNeLN2VcuWrWWUZckxOSJ445IKUyS2pkCph5Ik8k1fyZrwYH8an8TUdXTFmO0dkDsb3L2/Fri0=</latexit>

Gc({⇣})

<latexit sha1_base64="OjOH5mDNLLOJhBOQ04U/9vv5Hmo="></latexit>

Gc (z, {⇣}, pTR,µ) =
X

j

Z 1

0
dx xNJij (z, x, pTR,µ) JEEC ({⇣}, x, µ)

<latexit sha1_base64="JNFCc8drU8QfvHlrJMMr+7kIetM=">AAACFHicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9iGdoWTS2zY0yQxJRqxDv0JwpX/iTty690dcm7azsK0HAodz7uWenDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRFGo04hHqhUSDZxJqBtmOLRiBUSEHJrh8HriNx9AaRbJOzOKIRCkL1mPUWKsdO+n/hMY4o87xZJbdqfAy8TLSAllqHWKP343ookAaSgnWrc9NzZBSpRhlMO44CcaYkKHpA9tSyURoIN0GniMT6zSxb1I2ScNnqp/N1IitB6J0E4KYgZ60ZuI/3qPswNzWigW0pjeZZAyGScGJJ2F6SUcmwhPGsJdpoAaPrKEUMXsfzAdEEWosT0WbFHeYi3LpHFW9s7LldtKqXqVVZZHR+gYnSIPXaAqukE1VEcUCfSMXtGb8+K8Ox/O52w052Q7h2gOztcvjhufyQ==</latexit>

{⇣} stands for the collection of  angles in N-point correlators

<latexit sha1_base64="JOS9W1o/gcZL5B0KNBo4eYA9ObY=">AAACFnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZfFUhBXFewD2qFk0rQNTTJDkhHL0M8QXOmfuBO3bv0R16btLGzrgcDhnHu5JyeIONPGdb+dzNr6xuZWdju3s7u3f5A/PGroMFaE1knIQ9UKsKacSVo3zHDaihTFIuC0GYwqU7/5SJVmoXww44j6Ag8k6zOCjZXad92kowSqViuTbr7gFt0Z0CrxUlKAFLVu/qfTC0ksqDSEY63bnhsZP8HKMMLpJNeJNY0wGeEBbVsqsaDaT2aRJ+jMKj3UD5V90qCZ+ncjwULrsQjspMBmqJe9qfiv9zQ/sKAFYimN6V/7CZNRbKgk8zD9mCMTomlHqMcUJYaPLcFEMfsfRIZYYWJskzlblLdcyyppXBS9y2LpvlQo36SVZeEETuEcPLiCMtxCDepAIIRneIU358V5dz6cz/loxkl3jmEBztcv6+Cf5g==</latexit>

JEEC•            is the same EEC jet function as          case (can use track or other cases too)
<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�

•Energy correlators are expectation values on a state <latexit sha1_base64="/fwgCznVJby5HAxSyPNUC9Lzpa0="></latexit>

d�

d{⇣} ⇠ h |E (n̂1) · · · E (n̂N )| i
<latexit sha1_base64="/MOGTSk6oUE4cFlrCA5a9VE6Nr8=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21okhmTjFhqv0NwpX/iTty680dcm7azsK0HAodz7uWenDDhTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKHjVBFaJzGPVSvEmnImad0ww2krURSLkNNmOLie+M0HqjSL5Z0ZJjQQuCdZxAg2VgqekF/TzFdY9jjtFEtu2Z0CLRMvIyXIUOsUf/xuTFJBpSEca9323MQEI6wMI5yOC36qaYLJAPdo21KJBdXBaBp6jE6s0kVRrOyTBk3VvxsjLLQeitBOCmz6etGbiP96j7MDc1ooFtKY6DIYMZmkhkoyCxOlHJkYTVpCXaYoMXxoCSaK2f8g0scKE2O7LNiivMValknjrOydlyu3lVL1KqssD0dwDKfgwQVU4QZqUAcC9/AMr/DmvDjvzofzORvNOdnOIczB+foFNsChKg==</latexit>

| i
In           , the state is created by a local operator.

<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�

•As discussed,      , describes how jet algorithms are used to “create” the state       in which energy 
correlators are measured.

<latexit sha1_base64="OjOH5mDNLLOJhBOQ04U/9vv5Hmo="></latexit>

Gc (z, {⇣}, pTR,µ) =
X

j

Z 1

0
dx xNJij (z, x, pTR,µ) JEEC ({⇣}, x, µ)

<latexit sha1_base64="/MOGTSk6oUE4cFlrCA5a9VE6Nr8=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21okhmTjFhqv0NwpX/iTty680dcm7azsK0HAodz7uWenDDhTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKHjVBFaJzGPVSvEmnImad0ww2krURSLkNNmOLie+M0HqjSL5Z0ZJjQQuCdZxAg2VgqekF/TzFdY9jjtFEtu2Z0CLRMvIyXIUOsUf/xuTFJBpSEca9323MQEI6wMI5yOC36qaYLJAPdo21KJBdXBaBp6jE6s0kVRrOyTBk3VvxsjLLQeitBOCmz6etGbiP96j7MDc1ooFtKY6DIYMZmkhkoyCxOlHJkYTVpCXaYoMXxoCSaK2f8g0scKE2O7LNiivMValknjrOydlyu3lVL1KqssD0dwDKfgwQVU4QZqUAcC9/AMr/DmvDjvzofzORvNOdnOIczB+foFNsChKg==</latexit>

| i

•More formally, where       are the quantum numbers of  the celestial sphere.<latexit sha1_base64="pmKcAFtw/bNwKKtpYg920b0sM30=">AAACE3icbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3bisYB/QDiWTudPGJpkhyYhl6E8IrvRP3IlbP8AfcW36WNjWA4HDOfdyT06QcKaN6347uZXVtfWN/GZha3tnd6+4f9DQcaoo1GnMY9UKiAbOJNQNMxxaiQIiAg7NYHAz9puPoDSL5b0ZJuAL0pMsYpQYK7U6IXBDzh66xZJbdifAy8SbkRKaodYt/nTCmKYCpKGcaN323MT4GVGGUQ6jQifVkBA6ID1oWyqJAO1nk7wjfGKVEEexsk8aPFH/bmREaD0UgZ0UxPT1ojcW//WepgfmtEAspDHRlZ8xmaQGJJ2GiVKOTYzHBeGQKaCGDy0hVDH7H0z7RBFqbI0FW5S3WMsyaZyXvYty5a5Sql7PKsujI3SMTpGHLlEV3aIaqiOKOHpGr+jNeXHenQ/nczqac2Y7h2gOztcvIFCe+w==</latexit>

�, j

Chen, Moult, Sandor, Zhu `22

Chang, Simmons-Duffin `22

<latexit sha1_base64="mzbQj2yyEqTCFgzyYOP87GlIy6w=">AAACUHicbVFNSwMxEJ2t3/Wr6tFLsAgepOxKUS+C6MVjBauFbinZdNpGk+ySZMWy9gf5awRP+kfEm6YfQlsdCHl584aZeYkSwY31/Q8vNze/sLi0vJJfXVvf2Cxsbd+aONUMqywWsa5F1KDgCquWW4G1RCOVkcC76OFykL97RG14rG5sL8GGpB3F25xR66hm4fI5rBgeaqo6AskZCU0qm1nYQmHp4X2fsMnHUDtBjMuahaJf8odB/oJgDIowjkqz8Bm2YpZKVJYJakw98BPbyKi2nAns58PUYELZA+1g3UFFJZpGNly2T/Yd0yLtWLujLBmykxUZlcb0ZOSUktqumc0NyH9zT6MGU1wkZ6ax7dNGxlWSWlRsNEw7FcTGZOAuaXGNzIqeA5Rp7vYhrEs1Zdb9Qd4ZFcza8hfcHpWC41L5ulw8vxhbtgy7sAcHEMAJnMMVVKAKDF7gFd7hw3vzvrzvnDeS/t6wA1ORy/8Alke1/A==</latexit>

| i =
X

�,j

c�,j | �,ji

<latexit sha1_base64="k482UnTZTV9KbefiO2VU0mpNaJw=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmWFvqBTSia9bUMzD5M70jrM1q8RXOmfuBDErX/g2vSxsK0HAodz7k1OjhdJodG2P6zMyura+kZ2M7e1vbO7l98/qOkwVhyqPJShanhMgxQBVFGghEakgPmehLo3uBn79QdQWoRBBUcRtHzWC0RXcIZGauepizDEyT2Jgk6aRO2Kq+8VJu4jIEvTdr5gF+0J6DJxZqRAZii38z9uJ+SxDwFyybRuOnaErYQpFFxCmnNjDRHjA9aDpqEB80G3kkmClJ4YpUO7oTInQDpR/24kzNd65Htm0mfY14veWPzXG04fmNM8fyENdq9aiQiiGCHg0zDdWFIM6bg62hEKOMqRIYwrYf5DeZ8pxtEUnDNFOYu1LJPaWdG5KJ7fnRdK17PKsuSIHJNT4pBLUiK3pEyqhJMn8kxeyZv1Yr1bn9bXdDRjzXYOyRys71+yYqrc</latexit>

pT
p

⇣

The jet fragmentation function and energy correlators                  

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10
1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10
5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>
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2-Point Energy correlators at the LHC
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• One can see clear transition between the  
perturbative and hadronization regions. 

• Perturbative region agrees well with the data  
without any soft drop grooming, trimming, pruning, etc.

• At very small angle, the result is consistent with  
uniformly distributed freely propagating hadrons.

<latexit sha1_base64="t1VGSo1E3kPwenfo7HEJxhWxFgQ=">AAACNnicbZDLSsNAFIYn9VbrLerSzWARFKQkpajLohsRF1V6gyaEyXTaDp1J4sxErKHP4NMIrvQ53LgTt65cO22zsK0/DPx85xzmnN+PGJXKst6NzMLi0vJKdjW3tr6xuWVu79RlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4fcvRvXGPRGShkFVDSLictQNaIdipDTyzCOHx9CRlMNi5CVXx9WhI++ESh6HE5rCW+/aM/NWwRoLzhs7NXmQquKZP047xDEngcIMSdmyrUi5CRKKYkaGOSeWJEK4j7qkpW2AOJFuMj5pCA80acNOKPQLFBzTvxMJ4lIOuK87OVI9OVsbwX9rD5MPppjPZ7ZRnTM3oUEUKxLgyTKdmEEVwlGGsE0FwYoNtEFYUH0PxD0kEFY66ZwOyp6NZd7UiwX7pFC6KeXL52lkWbAH9sEhsMEpKINLUAE1gMETeAav4M14MT6MT+Nr0pox0pldMCXj+xda9Kxr</latexit>

µ ⇠ 2pJ,T
p
z ⇠ pJ,TRL

<latexit sha1_base64="jbPJkDx6X2IcKgyEUX1X5lPMgDY=">AAACMnicbVC7TsMwFHV4lvIqMLJEVEhMVYIQMFawMDAURAGJRJHj3LQWdhLZN6hVlC/ga5CY4EtgQ6zMzLiPAVqOZOnonHvt4xNmgmt0nDdrZnZufmGxslRdXlldW69tbF7rNFcM2iwVqboNqQbBE2gjRwG3mQIqQwE34f3pwL95AKV5mlxhPwNf0k7CY84oGimo7XoIPRzeUyiIysKLFWVF5GnekbQsosvgvCyDWt1pOEPY08 QdkzoZoxXUvr0oZbmEBJmgWt+5ToZ+QRVyJqCsermGjLJ72oE7QxMqQfvFMEZp7xolsuNUmZOgPVR/bxRUat2XoZmUFLt60huI/3q90QN/tFBOpMH42C94kuUICRuFiXNhY2oP+rMjroCh6BtCmeLmPzbrUtMZmparpih3spZpcr3fcA8bBxcH9ebJuLIK2SY7ZI+45Ig0yRlpkTZh5JE8kRfyaj1b79aH9TkanbHGO1vkD6yvH6kVrNc=</latexit>

d�

dRL

<latexit sha1_base64="LjXF9UaOhsKQiUefbOe1rltBy6s="></latexit>

d�

dR2
L

= const

<latexit sha1_base64="5tsJRPWTMAlgh8gizOW+YUR4jKo="></latexit>

RL ⇠ ⇤QCD

pJ,T

<latexit sha1_base64="k6lL6bf7nJ0yFtFWn3+4++IyuKQ=">AAACNHicbVBNSwMxFMz6WetX1aOXYBE9lV0p6rHoxYOHKtYWbFmy6atGk90leSsty/4Ef43gSX+I4E28evRsuu1BqwOBYea9ZDJBLIVB1311pqZnZufmCwvFxaXlldXS2vqliRLNocEjGelWwAxIEUIDBUpoxRqYCiQ0g7vjod+8B21EFF7gIIaOYteh6AnO0Ep+aaeN0Mf8nlRDN0vP/dO2EYqe+2lupbeAWZb5pbJbcXPQv8QbkzIZo+6XvtrdiCcKQuSSGXPluTF2UqZRcAlZsZ0YiBm/Y9dwZWnIFJhOmgfJ6LZVurQXaXtCpLn6cyNlypiBCuykYnhjJr2h+K/XHz3wSwvURBrsHXZSEcYJQshHYXqJpBjRYYO0KzRwlANLGNfC/ofyG6YZR9tz0RblTdbyl1zuVbz9SvWsWq4djSsrkE2yRXaJRw5IjZyQOmkQTh7II3kmL86T8+a8Ox+j0SlnvLNBfsH5/AYp762Y</latexit>

RL ⇠ Rjet

0.001 0.005 0.010 0.050 0.100 0.500 1
0.0

0.5

1.0

1.5

2.0

2.5

3.0

KL, Meçaj, Moult, `22
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Projected Energy correlators at the LHC
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<latexit sha1_base64="t1VGSo1E3kPwenfo7HEJxhWxFgQ=">AAACNnicbZDLSsNAFIYn9VbrLerSzWARFKQkpajLohsRF1V6gyaEyXTaDp1J4sxErKHP4NMIrvQ53LgTt65cO22zsK0/DPx85xzmnN+PGJXKst6NzMLi0vJKdjW3tr6xuWVu79RlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4fcvRvXGPRGShkFVDSLictQNaIdipDTyzCOHx9CRlMNi5CVXx9WhI++ESh6HE5rCW+/aM/NWwRoLzhs7NXmQquKZP047xDEngcIMSdmyrUi5CRKKYkaGOSeWJEK4j7qkpW2AOJFuMj5pCA80acNOKPQLFBzTvxMJ4lIOuK87OVI9OVsbwX9rD5MPppjPZ7ZRnTM3oUEUKxLgyTKdmEEVwlGGsE0FwYoNtEFYUH0PxD0kEFY66ZwOyp6NZd7UiwX7pFC6KeXL52lkWbAH9sEhsMEpKINLUAE1gMETeAav4M14MT6MT+Nr0pox0pldMCXj+xda9Kxr</latexit>

µ ⇠ 2pJ,T
p
z ⇠ pJ,TRL

<latexit sha1_base64="VByMJhDhk333g01Q3eq/AGlqfuc="></latexit>

JN�proj
EEC (RL, x, µ) =

Z
d{⇣} � (RL �max[{⇣}]) JN

EEC({⇣}, x, µ)

• Integrate over all shapes with fixed largest angle, <latexit sha1_base64="SlOzgUuLqsZS17hgWPKnbo8p6Ek=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGxcu6qMPaIeSSTNtaJIZkoxYhn6C4Er/xJ249Rf8Edem7Sxs64HA4Zx7uScniDnTxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRhNZIxCPVDLCmnElaM8xw2owVxSLgtBEMrsZ+45EqzSL5YIYx9QXuSRYygo2V7u86N51iyS27E6BF4mWkBBmqneJPuxuRRFBpCMdatzw3Nn6KlWGE01GhnWgaYzLAPdqyVGJBtZ9Ooo7QkVW6KIyUfdKgifp3I8VC66EI7KTApq/nvbH4r/c0PTCjBWIujQkv/JTJODFUkmmYMOHIRGjcDeoyRYnhQ0swUcz+B5E+VpgY22DBFuXN17JI6idl76x8entaqlxmleXhAA7hGDw4hwpcQxVqQKAHz/AKb86L8+58OJ/T0ZyT7ezDDJyvXw6gnMo=</latexit>

RL

Space of  3-point correlator

• Related to the OPE limit of  the N-point correlators, 
scales as twist-2 spin-(N+1) anomalous dimension in the conformal limit.

KL, Meçaj, Moult, `22



        EC as jet substructure                                    Jet Fragmentation Functions                                        EC at the LHC                                        Beautiful and Charming EC

Projected Energy correlators at the LHC

16

• Slope increases with N as predicted 
by the light-ray OPEs

• Non-perturbative effects expected to 
cancel in ratio

• Precision calculations of <latexit sha1_base64="JWmeRV5EUAAv+KP7NlYo3IrN8BI=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh3InzbShSWZIMmIp/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YcKaN5307ubX1jc2t/HZhZ3dv/6B4eNTQcaoIrZOYx6oVoqacSVo3zHDaShRFEXLaDIe3U7/5SJVmsXwwo4QGAvuSRYygsVKrgzwZYFd3iyWv7M3grhI/IyXIUOsWfzq9mKSCSkM4at32vcQEY1SGEU4nhU6qaYJkiH3atlSioDoYz/JO3DOr9NwoVvZJ487UvxtjFFqPRGgnBZqBXvam4r/e0/zAghaKpTQmug7GTCapoZLMw0Qpd03sTgtye0xRYvjIEiSK2f+4ZIAKibE1FmxR/nItq6RxUfYvy5X7Sql6k1WWhxM4hXPw4QqqcAc1qAMBDs/wCm/Oi/PufDif89Gck+0cwwKcr199QJ8z</latexit>↵s

• Already at competing order of  accuracy 
as the state-of-the-art calculation of  
other jet substructure
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16 KL, Meçaj, Moult, `22
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<latexit sha1_base64="LUNmcxAusVrVzE0lo4NaFgvaVWc=">AAACIXicbVC7SgNBFJ31GeMrPjqbxSBYhV0Jahm0sbCIYh6QLGF2cjcZMvtg5q4kLvkXwUr/xE7sxP+wdrLZwiQeGDicc19z3EhwhZb1ZSwtr6yurec28ptb2zu7hb39ugpjyaDGQhHKpksVCB5ADTkKaEYSqO8KaLiD64nfeASpeBg84CgCx6e9gHucUdRSp3DYRhhiOieR0B0n953bcadQtEpWCnOR2BkpkgzVTuGn3Q1Z7EOATFClWrYVoZNQiZwJGOfbsYKIsgHtQUvTgPqgnCTdOjZPtNI1vVDqF6CZqn87EuorNfJdXelT7Kt5byL+6w2nC2Y015+7Br1LJ+FBFCMEbHqMFwsTQ3MSl9nlEhiKkSaUSa7/Y7I+lZShDjWvg7LnY1kk9bOSfV4q35WLlassshw5IsfklNjkglTIDamSGmHkiTyTV/JmvBjvxofxOS1dMrKeAzID4/sXm+ylEA==</latexit>

RL

• What happens if  we consider energy correlators 
between heavy meson and other particles in a heavy jet?

Heavy

• Recently, ALICE collaboration made a direct observation of  the dead-cone effect

• Heavy quark suppresses gluon emission around the angular region
<latexit sha1_base64="kw9in27kJ4Dpr+JHJFh8G8D70aY=">AAACIXicbVDLSsNAFJ34rPUVHzs3g0VwVRIp6sJF0Y0boUJf0IQwmU7aoZMHMzdiDf0XwZX+iTtxJ/6Ha6dtFrb1wMDhnHu5Z46fCK7Asr6MpeWV1bX1wkZxc2t7Z9fc22+qOJWUNWgsYtn2iWKCR6wBHARrJ5KR0Bes5Q9uxn7rgUnF46gOw4S5IelFPOCUgJY889CBPgNy5QSS0OxulCVefeSZJatsTYAXiZ2TEspR88wfpxvTNGQRUEGU6thWAm5GJHAq2KjopIolhA5Ij3U0jUjIlJtN0o/wiVa6OIilfhHgifp3IyOhUsPQ15Mhgb6a98biv97j9MCM5odzaSC4dDMeJSmwiE7DBKnAEONxXbjLJaMghpoQKrn+D6Z9orsCXWpRF2XP17JImmdl+7xcua+Uqtd5ZQV0hI7RKbLRBaqiW1RDDUTRE3pGr+jNeDHejQ/jczq6ZOQ7B2gGxvcv88qkrg==</latexit>

✓ <
M

pT
dead-cone

ALICE Collaboration `22 (Nature)

• Sophisticated reclustering techniques.  
Can we observe the dead-cone effect statistically using energy correlators?

KL, Meçaj, Moult, In Progress
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• What happens if  we consider energy correlators 
between heavy meson and other particles in a heavy jet?

Real

Virtual

• Virtual diagrams are no longer scaleless, M acts as an IR regulator.

<latexit sha1_base64="1M/rfhRZhRemhEWQo8IXSFNLTis="></latexit>

Jbare
q (z, µ) =�(z) +

↵sCF

4⇡


�(z)

✓
� 3

✏UV
� 37

3

◆
+ 3

Q2

µ2
L0

✓
Q2

µ2
z

◆�

=�(z) +
↵sCF

4⇡


�(z)

✓
�
⇣
�(0)
qq (3) + �(0)

gq (3)
⌘ 1

✏UV
� 37

3

◆
+ 3

Q2

µ2
L0

✓
Q2

µ2
z

◆�
,

<latexit sha1_base64="YOdLWuAXMVKwZM5JfDJ3+yFZS4U="></latexit>

Jbare
Q!Qg(z,M, µ) =�(z)

✓
1 +

↵sCF

4⇡


�
⇣
�(0)
qq (3) + �(0)

gq (3)
⌘✓

1

✏UV
+ ln

µ2

M2

◆
� 19

6

�◆

+
↵sCF

⇡

1

z


3

4
� 5

2
�2 � �4

1 + �2
+ 3�3 arctan

✓
1

�

◆
+

1

2
�2(1� �2) ln

�2

1 + �2

�
,

<latexit sha1_base64="U004jtGLQZ6wnoXZAAecYZqqCqM=">AAACKHicbVDLSsNAFJ34rPUVddlNsAiuShKKuhGKbtwILdgHtGmZTCbt0JlJmJmINXTh1wiu9E/cSbd+hGunbRa29cAwh3Pu5d57/JgSqWx7Yqytb2xubed28rt7+weH5tFxQ0aJQLiOIhqJlg8lpoTjuiKK4lYsMGQ+xU1/eDv1m49YSBLxBzWKscdgn5OQIKi01DMLnQBTBbvudScUEKX3XXec1rrus/57ZtEu2TNYq8TJSBFkqPbMn04QoYRhrhCFUrYdO1ZeCoUiiOJxvpNIHEM0hH3c1pRDhqWXzo4YW2daCawwEvpxZc3Uvx0pZFKOmK8rGVQDuexNxX+9p/mABc1nS9uo8MpLCY8ThTmaLxMm1FKRNU3NCojASNGRJhAJou+x0ADqwJTONq+DcpZjWSUNt+RclMq1crFyk0WWAwVwCs6BAy5BBdyBKqgDBF7AK3gHH8ab8Wl8GZN56ZqR9ZyABRjfv0YpptE=</latexit>

�2 =
M2

Q2z2
where

• UV poles match the light jet case as expected


• Can be matched to the heavy quark fragmentation functions

<latexit sha1_base64="MNzGo/zai5dEfaHCIZRpP08Y1Iw=">AAACJXicbZDLSsNAFIYn9VbrLepGcDNYBFclKUVdFt24cFHFXqCJYTKdtEMnyTAzkdYQn0ZwpW/iTgRXvoVrp5eFbf1h4Oc/5zDnfD5nVCrL+jJyS8srq2v59cLG5tb2jrm715BxIjCp45jFouUjSRiNSF1RxUiLC4JCn5Gm378c1ZsPREgaR3dqyIkbom5EA4qR0pFnHjw6iHMRD6ATCITTW+/6vpyllcwzi1bJGgsuGntqimCqmmf+OJ0YJyGJFGZIyrZtceWmSCiKGckKTiIJR7iPuqStbYRCIt10fEEGj3XSgUEs9IsUHKd/J1IUSjkMfd0ZItWT87VR+G9tMPlgJvPDuW1UcO6mNOKJIhGeLBMkDKoYjpDBDhUEKzbUBmFB9T0Q95CmpTTYggZlz2NZNI1yyT4tVW4qxerFFFkeHIIjcAJscAaq4ArUQB1g8ASewSt4M16Md+PD+Jy05ozpzD6YkfH9C6eEpgk=</latexit>

z ⇡ R2
L

4

<latexit sha1_base64="zDwgIkJpUxcmbCfxNMtJJ8MzjGw=">AAACDXicbVDLSgMxFL1TX7W+qi7dBIviqsxIUZdFNy6r2Ae0Q8mkmTY0yQxJRixD/0BwpX/iTtz6Df6Ia9N2Frb1QOBwzr3ckxPEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIY3E7/5SJVmkXwwo5j6AvclCxnBxkr3ndNuseSW3SnQMvEyUoIMtW7xp9OLSCKoNIRjrdueGxs/xcowwum40Ek0jTEZ4j5tWyqxoNpPp0nH6MQqPRRGyj5p0FT9u5FiofVIBHZSYDPQi95E/Nd7mh2Y0wKxkMaEV37KZJwYKsksTJhwZCI0qQb1mKLE8JElmChm/4PIACtMjC2wYIvyFmtZJo3zsndRrtxVStXrrLI8HMExnIEHl1CFW6hBHQiE8Ayv8Oa8OO/Oh/M5G8052c4hzMH5+gUdKJxF</latexit>

&

<latexit sha1_base64="LUNmcxAusVrVzE0lo4NaFgvaVWc=">AAACIXicbVC7SgNBFJ31GeMrPjqbxSBYhV0Jahm0sbCIYh6QLGF2cjcZMvtg5q4kLvkXwUr/xE7sxP+wdrLZwiQeGDicc19z3EhwhZb1ZSwtr6yurec28ptb2zu7hb39ugpjyaDGQhHKpksVCB5ADTkKaEYSqO8KaLiD64nfeASpeBg84CgCx6e9gHucUdRSp3DYRhhiOieR0B0n953bcadQtEpWCnOR2BkpkgzVTuGn3Q1Z7EOATFClWrYVoZNQiZwJGOfbsYKIsgHtQUvTgPqgnCTdOjZPtNI1vVDqF6CZqn87EuorNfJdXelT7Kt5byL+6w2nC2Y015+7Br1LJ+FBFCMEbHqMFwsTQ3MSl9nlEhiKkSaUSa7/Y7I+lZShDjWvg7LnY1kk9bOSfV4q35WLlassshw5IsfklNjkglTIDamSGmHkiTyTV/JmvBjvxofxOS1dMrKeAzID4/sXm+ylEA==</latexit>

RL
Heavy

KL, Meçaj, Moult, In Progress
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<latexit sha1_base64="vbNviEn6/SOk0v8A3Qffn86IlHU=">AAACI3icbVDLSgMxFM3UV62vUcGNm2ARXJWZUtSVFF3oskJfYIchk6ZtaJIZkoxYxvoxgiv9E3fixoW/4dpMOwvbeiBwOOde7skJIkaVdpwvK7e0vLK6ll8vbGxube/Yu3tNFcYSkwYOWSjbAVKEUUEammpG2pEkiAeMtILhVeq37olUNBR1PYqIx1Ff0B7FSBvJtw8ivw4vYNlxnjoc6YHkyTVpjn276JScCeAicTNSBBlqvv3T6YY45kRozJBSd64TaS9BUlPMyLjQiRWJEB6iPrkzVCBOlJdM8o/hsVG6sBdK84SGE/XvRoK4UiMemMk0o5r3UvFf72F6YEYL+Fwa3Tv3EiqiWBOBp2F6MYM6hGlhsEslwZqNDEFYUvMfiAdIIqxNrQVTlDtfyyJplkvuaalyWylWL7PK8uAQHIET4IIzUAU3oAYaAINH8AxewZv1Yr1bH9bndDRnZTv7YAbW9y937KRM</latexit>

pT > 200 GeV
<latexit sha1_base64="rw9mAkK51oZ4ZQYhYdg+5dMh0PE=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgKiTiayMU3bisYtpCG8pkOmmHziRhZiKW0G8QXOmfuBO3/oE/4tppm4VtPTBwOOde7pkTJJwp7TjfVmFpeWV1rbhe2tjc2t4p7+7VVZxKQj0S81g2A6woZxH1NNOcNhNJsQg4bQSDm7HfeKRSsTh60MOE+gL3IhYygrWRvPsrxz7rlCuO7UyAFombkwrkqHXKP+1uTFJBI004VqrlOon2Myw1I5yOSu1U0QSTAe7RlqERFlT52STsCB0ZpYvCWJoXaTRR/25kWCg1FIGZFFj31bw3Fv/1nqYHZrRAzKXR4aWfsShJNY3INEyYcqRjNG4HdZmkRPOhIZhIZv6DSB9LTLTpsGSKcudrWST1E9s9t0/vTivV67yyIhzAIRyDCxdQhVuogQcEGDzDK7xZL9a79WF9TkcLVr6zDzOwvn4Bl4ydAw==</latexit>

R = 0.5

<latexit sha1_base64="ng6wNF77giFfncm9qP/122XfUq4=">AAACOXicbVDLSsQwFE19O75GXboJDoILGVoRdSm6EVFQcVSwQ0kztxpM2pLcikPoT/g1giv9C5fuxK3g2sxjoaMHAodz7k1OTpxLYdD3X72h4ZHRsfGJycrU9MzsXHV+4dxkhebQ4JnM9GXMDEiRQgMFSrjMNTAVS7iIb/c6/sUdaCOy9AzbOTQVu05FIjhDJ0XVtRDhHrv3WA2t0p5Gh6ERioaJZtweRby0eWQP1s7KsoyqNb/ud0H/kqBPaqSP46j6FbYyXihIkUtmzFXg59i0TKPgEspKWBjIGb9l13DlaMoUmKbtpinpilNaNMm0OynSrvpzwzJlTFvFblIxvDGDXkf817vvPfBLi9VAGky2m1akeYGQ8l6YpJAUM9qpkbaEBo6y7QjjWrj/UH7DXGXoyq64ooLBWv6S8/V6sFnfONmo7ez2K5sgS2SZrJKAbJEdsk+OSYNw8kAeyTN58Z68N+/d++iNDnn9nUXyC97nN7cAr00=</latexit>

RL ⇠ Mc

pJ,T

<latexit sha1_base64="V5eXKar7HI1JJcytlLcA0w/+1dU="></latexit>

RL ⇠ Mb

pJ,T

• One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).


• Suppression at small angle can be interpreted as a direct signature of  the dead-cone

Charming EEC
Beautiful EEC

beautiful and charming energy correlators

<latexit sha1_base64="LUNmcxAusVrVzE0lo4NaFgvaVWc=">AAACIXicbVC7SgNBFJ31GeMrPjqbxSBYhV0Jahm0sbCIYh6QLGF2cjcZMvtg5q4kLvkXwUr/xE7sxP+wdrLZwiQeGDicc19z3EhwhZb1ZSwtr6yurec28ptb2zu7hb39ugpjyaDGQhHKpksVCB5ADTkKaEYSqO8KaLiD64nfeASpeBg84CgCx6e9gHucUdRSp3DYRhhiOieR0B0n953bcadQtEpWCnOR2BkpkgzVTuGn3Q1Z7EOATFClWrYVoZNQiZwJGOfbsYKIsgHtQUvTgPqgnCTdOjZPtNI1vVDqF6CZqn87EuorNfJdXelT7Kt5byL+6w2nC2Y015+7Br1LJ+FBFCMEbHqMFwsTQ3MSl9nlEhiKkSaUSa7/Y7I+lZShDjWvg7LnY1kk9bOSfV4q35WLlassshw5IsfklNjkglTIDamSGmHkiTyTV/JmvBjvxofxOS1dMrKeAzID4/sXm+ylEA==</latexit>

RL
Heavy

KL, Meçaj, Moult, In Progress

Preliminary
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• One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).


• Suppression at small angle can be interpreted as a direct signature of  the dead-cone

beautiful and charming energy correlators

<latexit sha1_base64="LUNmcxAusVrVzE0lo4NaFgvaVWc=">AAACIXicbVC7SgNBFJ31GeMrPjqbxSBYhV0Jahm0sbCIYh6QLGF2cjcZMvtg5q4kLvkXwUr/xE7sxP+wdrLZwiQeGDicc19z3EhwhZb1ZSwtr6yurec28ptb2zu7hb39ugpjyaDGQhHKpksVCB5ADTkKaEYSqO8KaLiD64nfeASpeBg84CgCx6e9gHucUdRSp3DYRhhiOieR0B0n953bcadQtEpWCnOR2BkpkgzVTuGn3Q1Z7EOATFClWrYVoZNQiZwJGOfbsYKIsgHtQUvTgPqgnCTdOjZPtNI1vVDqF6CZqn87EuorNfJdXelT7Kt5byL+6w2nC2Y015+7Br1LJ+FBFCMEbHqMFwsTQ3MSl9nlEhiKkSaUSa7/Y7I+lZShDjWvg7LnY1kk9bOSfV4q35WLlassshw5IsfklNjkglTIDamSGmHkiTyTV/JmvBjvxofxOS1dMrKeAzID4/sXm+ylEA==</latexit>

RL
Heavy

Preliminary

<latexit sha1_base64="n6BVIyNTtuZGKeMsmLYG2ZXaCPk=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2ge0Q8mkmTY0yQxJRlqGfoLgSv/Enbj1F/wR16btLGzrgcDhnHu5JyeIOdPGdb+d3Nr6xuZWfruws7u3f1A8PGroKFGE1knEI9UKsKacSVo3zHDaihXFIuC0GQxvp37ziSrNIvloxjH1Be5LFjKCjZUeOiPWLZbcsjsDWiVeRkqQodYt/nR6EUkElYZwrHXbc2Pjp1gZRjidFDqJpjEmQ9ynbUslFlT76SzqBJ1ZpYfCSNknDZqpfzdSLLQei8BOCmwGetmbiv96o/mBBS0QS2lMeO2nTMaJoZLMw4QJRyZC025QjylKDB9bgoli9j+IDLDCxNgGC7Yob7mWVdK4KHuX5cp9pVS9ySrLwwmcwjl4cAVVuIMa1IFAH57hFd6cF+fd+XA+56M5J9s5hgU4X794zZ0K</latexit>

⇠

<latexit sha1_base64="yuykixmk2fX+8Bzb4GbkAaN12IQ=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0yQxJRixDf0FwpX/iTtz6Cf6IazPtLGzrgcDhnHu5JyeIOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxvM7/9SJVmkXwwk5j6Ag8lCxnBJpN68Yj1yxW36s6AVomXkwrkaPTLP71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Oss6RWdWGaAwUvZJg2bq340UC60nIrCTApuRXvYy8V/vaX5gQQvEUhoTXvspk3FiqCTzMGHCkYlQVg4aMEWJ4RNLMFHM/geREVaYGFthyRblLdeySloXVe+yWruvVeo3eWVFOIFTOAcPrqAOd9CAJhAYwTO8wpvz4rw7H87nfLTg5DvHsADn6xc+FJ10</latexit>

�

E3C(heavy)/E3C(light)

<latexit sha1_base64="yuykixmk2fX+8Bzb4GbkAaN12IQ=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0yQxJRixDf0FwpX/iTtz6Cf6IazPtLGzrgcDhnHu5JyeIOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxvM7/9SJVmkXwwk5j6Ag8lCxnBJpN68Yj1yxW36s6AVomXkwrkaPTLP71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Oss6RWdWGaAwUvZJg2bq340UC60nIrCTApuRXvYy8V/vaX5gQQvEUhoTXvspk3FiqCTzMGHCkYlQVg4aMEWJ4RNLMFHM/geREVaYGFthyRblLdeySloXVe+yWruvVeo3eWVFOIFTOAcPrqAOd9CAJhAYwTO8wpvz4rw7H87nfLTg5DvHsADn6xc+FJ10</latexit>

�
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Outlook

d�
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dpT d⌘dzh
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X
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c
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<latexit sha1_base64="tqJ2R+FAe5LQsi9nDM3c2SY5kbQ="></latexit>

d�
pp!jet(N�proj)X
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X
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c
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<latexit sha1_base64="tqJ2R+FAe5LQsi9nDM3c2SY5kbQ="></latexit>

d�
pp!jet(N�proj)X
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c
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c (RL)

<latexit sha1_base64="SsBpApEIK6HM2ddeCrAkYfxsz9I="></latexit>

GN�proj
c (z,RL, pTR,µ) =

X

j

Z 1

0
dxxNJij (z, x, pTR,µ) JN�proj

EEC (RL, x, µ)

NNLO PDFs

NNLO semi-inclusive hard function

Matching coefficients Projected ENC jet function

Available even for the track case!

Partial results computed

Partial results

• Unprecedented precision calculation of   
jet substructure on the horizon!
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